The circannual pupation rhythm of Anthrenus verbasci is entrained to an environmental cycle by changes in photoperiod. Exposure of larvae reared under short-day conditions to long days induced a clear phase delay of the circannual rhythm. There was no notable difference in the initial phase or period of the circannual rhythm among four geographically distinct populations of A. verbasci in Japan: Takanabe (32.1°N), Osaka (34.7°N), Sendai (38.3°N), and Sapporo (43.1°N) populations. The range of photoperiodic changes effective for phase delay in the circannual pupation rhythm was compared among the four populations. Although larvae did not show a typical threshold response, but responded quantitatively to the photophase duration in intermediate conditions, the critical daylengths were calculated as those under which the pupation was delayed by 50%: 12.8 h in the Takanabe population, 13.2 h in the Osaka population, and 13.6 h in the Sendai and Sapporo populations. Thus, the critical daylength for entrainment of the circannual rhythm in A. verbasci was correlated to the habitat latitude, but the differences among the populations were much smaller than those reported in photoperiodism for induction of diapause in various insects. Consequently, the difference in the pupation time among the four geographic populations was very small under the natural photoperiod in Osaka at 20°C, and absent under the natural photoperiod and temperature in Osaka. These results suggest that A. verbasci survives and successfully produces the next generation in different geographic regions without changing the parameters of the circannual rhythm.
INTRODUCTION
Many organisms use a direct response to photoperiod, i.e., photoperiodism, to adapt to annual environmental changes (Nelson et al., 2010) . Some organisms, however, adopt a circannual rhythm, an endogenous biological rhythm with a period of one year, for seasonal adaptations (Gwinner, 1986; Goldman et al., 2004) . The period length of circannual rhythms is usually somewhat different from one year under constant conditions, although the period normally matches that of the geophysical year under natural conditions (Gwinner, 1986; Nisimura and Numata, 2003; Miyazaki et al., 2009a) . In some animals, laboratory experiments have shown a change in photoperiod to be the most powerful zeitgeber for circannual rhythms (e.g., Goss, 1969; Gwinner, 1977; Randall et al., 1998; Nisimura and Numata, 2003; Monecke et al., 2009 ), but these responses to photoperiod reset the phase of the circannual rhythm and are different from classical photoperiodism (Miyazaki et al., 2005 (Miyazaki et al., , 2007 Monecke et al., 2009) .
Species distributed in geographically distinct areas are exposed not only to different climatic conditions, but also to different photoperiods in their natural habitats. Therefore, these species should have geographic variation in their photoperiodism to enable fine-tuning of seasonal events to local climatic conditions. In fact, geographic variation in the critical daylength has been shown in many insects (Danilevskii, 1965; Beck, 1980) . In species that have responses to photoperiod for entrainment of their circannual rhythms, geographic variation may also exist, because they are also exposed to different climatic conditions and photoperiods. However, geographic variation in circannual rhythms has been examined only in some vertebrates (e.g., Ward and Armitage, 1981; Joy and Mrosovsky, 1982; Gwinner et al., 1983; Gwinner, 1991; Helm and Gwinner, 2001; Helm et al., 2009) . Moreover, no study has examined the geographic variation in the critical daylength for entrainment of circannual rhythms.
The varied carpet beetle, Anthrenus verbasci, is widely distributed in temperate regions, and shows a circannual rhythm (Blake, 1958 (Blake, , 1959 Nisimura and Numata, 2001) . Depending on the climate and nutritional conditions, the life cycle of this species varies from one to several years, but pupation always occurs in spring (Blake, 1958 (Blake, , 1959 Nisimura and Numata, 2001; Miyazaki et al., 2009a) . The period of the circannual rhythm is shorter than 12 months under a constant photoperiod (Nisimura and Numata, 2001) . After the summer solstice, larvae set their phase by the decrease in photoperiod across the critical value and synchronize to the annual cycle (Nisimura and Numata, 2003; Miyazaki et al., 2006; Miyazaki and Numata, 2009 ). Thus, the phase setting induced by the decrease of photoperiod in late summer and autumn is important for the synchronization of the circannual rhythm with the natural annual cycle. In the present study, to clarify whether geographic variation exists in the circannual rhythm of this species, we examined the differences in the period length of the rhythm and the responsiveness to photoperiod for phase setting among four geographically distinct populations in Japan. We then reared these populations under natural photoperiod at a constant temperature and under natural photoperiod and temperature in Osaka to examine whether populations with different geographic origins pupate at the correct time of year. (Fig. 1) . These adults and their eggs were kept under conditions of 16 h light and 8 h darkness (LD 16:8) at 25 ± 1°C, and larvae within a week after hatching were used for the experiments. Larvae of the second laboratory generations were also used. The artificial constant photoperiod was produced using white fluorescent lamps (Panasonic, Osaka) and timers (Omron, Kyoto), and the light intensity in the photophase was about 0.9 W/m 2 . Some larvae were kept continuously under LD 12:12 at 20 ± 1°C. The other larvae were exposed to LD 13:11, LD 13.5:10.5, LD 14:10, LD 15:9 or LD 16:8 at 20°C for 12 weeks after hatching and transferred to LD 12:12. For rearing under natural photoperiod at 20°C, an incubator was placed beside a window in the laboratory. For rearing under natural photoperiod and temperature, a cage was placed outdoors on the campus of Osaka City University. In all experiments, the relative humidity was maintained at approximately 66% with a saturated solution of NaNO2, and dried bonito powder and dried yeast were provided as larval food. Pupation of larvae was recorded each week (see Numata, 2001, 2003 for details).
MATERIALS AND METHODS

Adults of
RESULTS
When larvae were kept continuously under LD 12:12, pupation occurred synchronously and showed a periodic pattern in the four populations (Fig. 2) . Most larvae pupated 20-29 weeks after hatching, and were designated as the first group, which had a median larval duration of 24 weeks in the Takanabe and Sendai populations, and 25 weeks in the Osaka and Sapporo populations. Thus the difference among the four populations was only one week, although the differences were statistically significant between some of the populations. Some larvae pupated 54-74 weeks after hatching, and were the second pupation group, which showed differences in their median larval durations of only 0-1.5 weeks, with no significant differences in larval duration among the four populations. The intervals between the medians for the first and second groups were 39.0-41.5 weeks.
An exposure to a longer photophase for 12 weeks significantly delayed pupation in the first group (Figs. 3, 4) . The magnitude of the delay depended both on the photophase duration and the geographic population. In all four populations, however, LD 15:9 and LD 16:8 delayed pupation significantly more than LD 13:11 and LD 13.5:10.5. Thus, exposure to a longer photophase caused a clear phase delay of the circannual rhythm. The maximum delays were 9-10 weeks in the four populations. Figure 5A shows the relationship between the photophase duration and the degree of phase delay, regarding the phase delay in LD 16:8 from the pupation peak under continuous LD 12:12 as 100%. Under intermediate conditions of LD 13:11 and LD 13.5:10.5, the degree of phase delay was different among the geographic (LD 12:12, 20°C) in Takanabe, Osaka, Sendai, and Sapporo populations of Anthrenus verbasci. Each numeral above a vertical line indicates the number of insects remaining as larvae after 52 and 90 weeks. The triangle indicates the median of each pupation group. Significant differences in pupation times are shown as different letters for the first pupation groups in each population (Steel-Dwass test; P < 0.05). There are no significant differences in the second pupation (KruscalWallis test, P > 0.05). For the exact number of pupae in the first pupation group, see Figs. 3 and 4. populations. Under these conditions, the phase delay was large in the Takanabe population, moderate in the Osaka population, and small in the Sendai and Sapporo populations. Although these were not typical threshold responses, as they responded quantitatively to the photophase duration in intermediate conditions, we calculated the critical daylength as that under which the pupation was delayed by 50%, i.e., 12.8 h in the Takanabe population, 13.2 h in the Osaka population, and 13.6 h in the Sendai and Sapporo populations (Fig. 5B) . The critical daylength showed a geographic cline and was correlated to the habitat latitude among the Takanabe, Osaka, and Sendai populations, although it was the same between Sendai and Sapporo populations despite the 4.8° latitude difference.
Under the natural photoperiod in Osaka at 20°C, most larvae of the Takanabe population pupated in February, with the median in the third week in February. Pupation of the Osaka population occurred significantly earlier than that of the Takanabe population, and larvae of the Sendai and Sapporo populations pupated significantly earlier than larvae of the other two populations, and pupation was more synchronous in the southern populations (Fig. 6) . However, the difference in the median pupation time was only two weeks between the earliest and latest populations. In contrast, the proportion of the insects that pupated within a year was considerably different among the four populations. It is not possible to rigorously compare these values among the populations, as the larvae of the Sapporo population were placed under the experimental conditions approximately one month later than those of the other three populations. However, there was a tendency for a greater proportion of insects to pupate in a year in southern populations. Under the natural photoperiod and temperature in Osaka, most larvae pupated in April and the median pupation times were the second week in April in all four populations, although there were statistically significant differences between the Takanabe/Sendai and Osaka/Sapporo populations (Fig. 7) . Under these conditions, most insects pupated within a year in all of the four populations.
DISCUSSION
There was no notable difference among the four geographic populations in either the initial phase or the circannual period under constant short-day conditions. In the present and previous experiments under constant LD 12:12 at 20°C in Osaka populations of A. verbasci, the median larval duration of the first pupation group was 25.0 ± 1.0 weeks (mean ± S.D., n = 15), and the interval between the medians for the first and second groups was 38.9 ± 2.4 weeks ( Fig.  2 ; Nisimura and Numata, 2001 , 2002 , 2003 Miyazaki et al., 2005 Miyazaki et al., , 2007 Miyazaki et al., , 2009a Numata, 2009, 2010) . In the three populations with geographically different origin, the median larval duration of the first pupation group was 24-25 weeks, and the interval between the medians for the first and second groups was 40.0-41.5 weeks (Fig. 2) . These values are similar to those in the Osaka populations.
In the yellow-bellied marmot, Marmota flaviventris, the circannual phase of food consumption under a constant LD 12:12 was earlier by two months in a lowland population than in a montane population, although no prominent difference was observed in the circannual period between the two populations. This difference corresponds to the difference in the aboveground activities between the two populations (Ward and Armitage, 1981) . The stonechat, Saxicola torquata, shows a circannual rhythm in molting, reproduction and migration Dittami, 1990, Gwinner, 1991; Helm, 2006) . The period of the rhythm for testicular development under a constant photoperiod of LD 12.25: 11.75 was not significantly different between the European subspecies, S. t. rubicola, and the African subspecies, S. t. axillaris (Gwinner, 1991) . However, the duration of the sexually mature phase was significantly longer in the European than in the African males, and this difference was attributed to the duration of the breeding season (Gwinner, 1991 , also see Gwinner, 1996 . In A. verbasci, adult seasonal flowervisiting activities are earlier at the southern geographic points (Kato, 1941; Nisimura and Numata, 2001 ; Matsuno, T., and Numata, H. unpublished; Shintani, Y. personal communication), but the difference could not be attributed to the initial phase or the period of the circannual rhythm. We suggest, therefore, that the geographic differences in flower-visiting activities of adults result from variations in climatic conditions such as temperature from winter to spring.
Pupation was more synchronous under the natural photoperiod and temperature in Osaka than under the natural photoperiod at 20°C in the four geographic populations (Figs.  6, 7) . Nisimura and Numata (2003) attributed this difference to the suppression of development by low temperature based on similar results under the natural photoperiod and the results that a change from 25 to 20°C caused no or little phase shift in the Osaka population. Such a seasonal pattern is similar to that in most insects in temperate regions with diapause induced by photoperiod (Danks, 1987) . However, before reaching any conclusions, it is necessary to examine whether lower temperatures in winter have an effect on the phase of the circannual rhythm and contribute the synchrony of pupation and geographic differences in Fig. 5 . The relationships between the photophase and the degree of phase delays (A) and between the latitude and the critical daylength for phase delay (B) in the circannual rhythm of Takanabe, Osaka, Sendai, and Sapporo populations in Anthrenus verbasci at 20°C. Phase delays were calculated from the median larval durations of the first pupation group when larvae were exposed to various photoperiods for 12 weeks after hatching compared to the larval duration under continuous LD 12:12. The phase delay in LD 16:8 was regarded as 100%, and the critical daylength corresponds to the 50% phase delay. The broken line designates the critical daylength for induction of larval diapause in Chilo suppressalis at 25°C (Kishino, 1970) , and the solid lines show the natural daylength including civil twilight on the first day of August, September and October (National Astronomical Observatory of Japan, 2012). In each population, newly hatched larvae were placed to the experimental conditions twice (arrows), and triangles show median values. Significant differences in pupation times are shown as different letters (Steel-Dwass test, P < 0.05). The fan diagrams show the proportion of insects that pupated in a year (black areas, the insects that pupated before 25 March; white areas, the remaining larvae on 25 March). Proportions with the same letter are not significantly different (Tukey-type multiple comparison for proportions, P > 0.05). adult seasonal activities.
The photoperiodic entrainment for the circannual rhythm of A. verbasci was different among the four geographic populations used in the present study. All of the four populations showed clear phase delays when exposed to long-day conditions of LD 15:9 or LD 16:8, compared to continuous short-day conditions of LD 12:12, and the degree of delay in pupation was similar among the four populations. Regarding phase delays, A. verbasci quantitatively responded to the photophase duration in intermediate conditions (Figs. 3, 4) . These findings are not consistent with the conclusion by Miyazaki and Numata (2009) that a clear phase delay is induced by a photophase longer than a critical value between 13 and 14 h. This is probably because we obtained the results under an intermediate condition of 13.5 h in the present study.
In species showing photoperiodism, geographically distinct populations often show a cline in the critical daylength. In many insect species, the critical daylength for induction of winter diapause increases toward the higher latitudes, with a difference of approximately 1.0-1.5 h for every 5° of latitude (Danilevskii, 1965; Beck, 1980; Danks, 1987; Masaki, 1999) . In Japan, for example, the difference in the critical daylength for induction of larval diapause in the rice stem borer, Chilo suppressalis, was shown to be 1 h per 5.4° latitude based on a study of 22 geographic populations originating between 31.5 and 43.2°N (the broken line in Fig. 5B ; Kishino, 1970) . The geographic cline in photoperiodism for induction of diapause shows that the critical daylength at the higher latitude corresponds to the daylength in early autumn.
The critical daylength for entrainment of the circannual rhythm in A. verbasci was also correlated to the habitat latitude, but the difference was much smaller than that in photoperiodism for induction of diapause (Fig. 5B) . Regarding the photoperiodism for induction of diapause, insects must enter diapause earlier in cooler climate regions to avoid production of an additional generation in a season inappropriate for growth and reproduction (Danilevskii, 1965; Beck, 1980; Danks, 1987) . Before the autumn equinox, the daylength is longer at higher latitudes. If insects enter diapause before the autumn equinox, the geographic difference in the critical daylength should be longer than the difference in the natural daylength. Therefore, the geographic cline in the critical daylength for induction of diapause is usually steep, e.g., 1 h for every 5° of latitude. Larvae of A. verbasci do not directly respond to photoperiod to enter diapause, but reset the phase of the circannual rhythm for pupation timing by photoperiod Numata, 2001, 2003) . Unlike other insects that enter diapause by directly responding to photoperiod, A. verbasci does not produce an additional generation even if photoperiodic phase-resetting is delayed and larvae remain in an active state longer because pupation occurs approximately half a year after the phase-resetting (Nisimura and Numata, 2001; Miyazaki et al., 2006) . In all of the four localities examined in the present study, the critical daylength corresponded to the daylength in September, when the geographic difference in the natural photoperiod is small (Fig. 5B) . Thus, the geographic cline in the critical daylength for entrainment of the circannual rhythm was mild.
Geographically distinct subspecies of the stonechat, S. t. rubicola, S. t. axillaris, and the Siberian subspecies, S. t. maura, showed different responsiveness to photoperiod for entrainment of the circannual rhythm, when examined under a changing photoperiod simulating that at 47.5°N and under a constant photoperiod of LD 12.75:11.25 simulating that at the equator. This difference was discussed in relation to the presence or absence of migration and its timing (Gwinner et al., 1983; Helm and Gwinner, 2001; Helm et al., 2009) . However, these subspecies are distributed at distances of several thousand kilometers, and in quite different climates. Therefore, the results found for the stonechat are not discrepant with the small geographic cline in the critical daylength of A. verbasci found in the present study, in which all the geographic populations used were within the temperate zone and the largest distance among them was approximately 1500 km.
In accord with our findings of the small geographic difference in the critical daylength and no difference in the initial phase or period of the circannual rhythm in A. verbasci, the difference in the pupation time among the four geographic populations was very small under the natural photoperiod in Osaka at 20°C (Fig. 6) and absent under the natural photoperiod and temperature in Osaka (Fig. 7) . These pupation times are also close to those in an English population kept under natural photoperiod at 20°C or natural daylength and temperature in southern England (Blake, 1960) . This is in contrast to the results in insects with photoperiodism for diapause induction. For example, a considerable proportion In each population, newly hatched larvae were placed to the experimental conditions twice (arrows), and triangles show median values. Significant differences in pupation times are shown as different letters (Steel-Dwass test, P < 0.05). The fan diagrams show the proportion of insects that pupated in a year (black areas, the insects that pupated before 30 June; white areas, the remaining larvae on 30 June). There are no significant differences in the proportions among the four populations (chi-square test, P > 0.05).
of the population of the southern green stink bug, Nezara viridula, dies in autumn without entering diapause in Osaka because this population only recently invaded the area and still has a maladaptive critical daylength (Musolin and Numata, 2003a, b) . In contrast, we suggest based on the present results that A. verbasci survives and successfully reproduces in different geographic points without changing parameters of its circannual rhythm. Although we still do not know why this species adopts a circannual rhythm for seasonal adaptations, unlike many other insects with usual photoperiodism, this mechanism probably enables A. verbasci to be a cosmopolitan species.
However, a geographic cline actually exists in the critical daylength for phase-resetting of the circannual rhythm in A. verbasci (Fig. 5B) . The circannual rhythm may control certain developmental or physiological parameter(s) not only related to timing of pupation. In fact, this species shows an endogenous rhythm in molting under constant conditions (Blake, 1958) . Blake (1958) suggested that the resting period without molting corresponds to larval diapause in other insects. If the circannual phase is related to the physiological status of larvae, such as metabolism or cold hardiness, the cline in the critical daylength would have significance in adaptation to the local climate because temperature decreases earlier in autumn at higher latitudes. Under the natural photoperiod and temperature in Osaka, however, the four geographic populations survived and pupated in the same period (Fig. 7) . To clarify the ecological significance of the variations in the critical daylength for the circannual phase resetting and, further experiments, e.g., rearing a southern population in a northern climate, will be needed. Moreover, greater proportions of A. verbasci tended to pupate within a year in southern populations under the same conditions (Fig. 6 ). This also shows an adaptation to local climate, and its ecological significance is an interesting subject for future studies.
